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(57) ABSTRACT

An optochemical sensing device has source that emits radia-
tion of a first and a second predetermined intensity, a detector,
and a sensitive element that comprises a signal substance. To
measure an analyte in a measurement medium, the sensitive
element is contacted with the analyte. A first raw signal,
which is dependent on the analyte content is obtained by
exciting the signal substance with radiation of the first prede-
termined intensity. At a later time, a second raw signal is also
obtained. A comparison of the raw signals yields a compari-
son value, which is compared against a predetermined limit
value. If the comparison value exceeds the limit value, the
radiation source is set at the first intensity. If the comparison
value is smaller than the limit value, the radiation source is set
at the lower second intensity. Using the lower radiation inten-
sity prolongs the life of the sensitive element.

7 Claims, 6 Drawing Sheets
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METHOD OF OPERATING AN
OPTOCHEMICAL SENSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of, and makes a claim of
priority to, PCT/EP2011/066437, which was filed 21 Sep.
2011, which designates the United States, and which claims
priority to European patent application 10186924.6, which
was filed on 8 Oct. 2010. Both the PCT and the European
application are incorporated by reference as if fully recited
herein.

TECHNICAL FIELD

The disclosed embodiments relate to a method of operating
an optochemical sensor, and they also concern a sensor that is
operable to carry out the method.

BACKGROUND

Optochemical sensors find application for the determina-
tion of a wide diversity of analytes in the laboratory as well as
in process systems. For example in a process, optochemical
sensors based on the principle of fluorescence quenching can
be used for the determination of gases that are dissolved in a
fluid, such as for example oxygen or carbon dioxide. To
perform this function, the sensor includes a sensitive element
with a signal substance that is capable of interacting with the
analyte. Under the principle of fluorescence quenching, the
molecules of the signal substance are excited by irradiation
with light of a suitable wavelength. As the molecules return
from the excited state to their basic state, they release the
absorbed energy again in the form of fluorescence, where-
upon the latter is quenched by interaction with the analyte.
For the detection of the fluorescence-quenching effect, it is
important that the fluorescence has sufficient intensity or
energy which is commensurate with the intensity of the irra-
diation.

In principle, it is possible to determine many other analytes
in a fluid measurement medium by fluorescence quenching,
as long as the signal substance, for example a fluorophore, is
sensitive in regard to the analyte of interest. The term “fluid”
in this context encompasses liquids and gases as well as
mixtures thereof.

These sensors, which contain a signal substance, have the
disadvantage that independent of the field of application and,
in particular independent of the measurement medium, the
fluorescence of the signal substance will weaken over time,
and thus the intensity of the fluorescence-quenching effect
will drop off. The decline of the fluorescence can for example
be caused by the radiation being used for the measurement as
well as by the cleaning methods that are employed, such as for
example autoclaving or the conventional CIP- and/or SIP
processes (cleaning in place, sterilizing in place). As a means
to compensate for the decline in fluorescence and the associ-
ated deterioration of the measurement results, optochemical
sensors operating according to this method often have
exchangeable sensitive elements. While an exchange of the
sensitive element restores the functionality of the sensor, it
can disrupt the production process, in particular by causing
additional work and causing interruptions in the reaction or
process. Interruptions for the exchange of the sensor or the
sensitive element may in some cases involve substantial costs
and extensive efforts, especially if the sensor is installed at a
less accessible location of the process system.
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The aging of the sensitive element not only dictates the
time for the exchange, but with advancing time in operation
also comes a deterioration of the measurement accuracy of
the sensitive element, which can lead to errors in the mea-
surement results. Furthermore, in particular sensors with
older sensitive elements will need to be calibrated by the user
more often in order to ensure the quality and reproducibility
of the measurement results.

Several known methods exist, whereby the aging of the
sensitive element can be slowed down. For example, the
intensity of the irradiation can be reduced, but this will cause
an increase in the noise content of the raw signal, as the
intensity of the fluorescence-quenching effect is being
reduced at the same time. A stronger or increased noise level
has the consequence that in particular lower concentrations of
an analyte can no longer be determined with sufficient accu-
racy or cannot be determined at all. The noise could be
reduced simply by taking an average over several raw or
processed signals or processed signals, but this would affect,
i.e. slow down, the response of the sensor. In other words, the
sensor would take a longer time to react to a change of the
measurement medium.

The term “raw signal” refers to the signal in its original
condition as delivered by the detector. The raw signal, which
is a function of the analyte content, can subsequently be
converted into a processed signal which is either released
directly in the form of a measurement value or can be con-
verted further into a measurement value.

As a further possibility, the sampling rate of the measure-
ment can be slowed down, so that the individual raw signals
are separated by longer time intervals. This solution likewise
slows down the response of the sensor, as fast changes or
fluctuations of the analyte content in the measurement
medium can hardly be detected anymore, especially if a
change of the measurement medium occurs within the time
between two measurement updates. Also, the sampling
period can be varied only within a limited range from about 1
to 30 seconds, as the response time of the sensor would
otherwise be affected too much.

It is further possible to compensate for the aging effect
through arithmetic measures in the processing of the raw
signals. However, the aging, more precisely the degree of
aging, is specific to every application in which the sensor is
being used, as the conditions to which the sensor is exposed,
for example the measurement medium, analyte content, tem-
perature, pressure, cleaning methods and/or frequency of
cleaning, depend on the application. Consequently, an indi-
vidual correction- or compensation function would have to be
determined, implemented in a software program, and
executed for each application, but with the multitude of pos-
sible applications where such sensors are used, this concept is
virtually impossible to realize.

For example in US 2010/063762 A1, a method of estab-
lishing the operating life or a calibration period of a sensor is
disclosed which is based on the determination and evaluation
of forecast values or forecast intervals that are related to the
actual service conditions of the sensor.

InUS 2010/0032583 A1, a system is disclosed in which the
physical location where the incident radiation meets the sen-
sitive element can be varied and, in addition, the intensity of
the incident radiation can be adjusted. This allows the mag-
nitude or intensity of the fluorescence response to be kept at a
constant level. On the one hand, as the sensitivity declines, the
intensity of the incident radiation is simply raised or adjusted.
On the other hand, the sensitive element can be used over a
longer time period, as the position of the incident radiation
relative to the sensitive element can be changed, if a currently
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used location on the sensitive element has been worn out to a
degree where the measurement result is affected. This con-
cept has the drawback that additional means are required in
the sensor for the positioning of the incident radiation. This
increases the complexity of the sensor and also makes the
sensor less robust, because arrangements for shifting or
adjusting an optical light path are very susceptible to
mechanical stress.

Therefore, the task presents itself to develop a method for
the operation of an optochemical sensor which allows the
measurement performance of the sensor to be improved,
wherein in addition the sensor is to maintain an unchanging
level of measurement accuracy without a significant change
in response time essentially independent of the aging of its
sensitive element. In addition, the method should allow the
sensitive element to operate with the highest possible effi-
ciency at the lowest possible radiation exposure level.

SUMMARY

This task is solved by a method for the operation of an
optochemical sensor which comprises a housing, a radiation
source, a detector, and a sensitive element. The radiation
source and the detector are arranged in the housing of the
sensor. Furthermore, the sensitive element comprises a signal
substance which, after an interaction with an analyte, can be
excited by the radiation source. The method of operating this
optochemical sensor includes several steps.

First, the sensitive element is brought into contact with the
analyte, so that the signal substance can interact with the
analyte. Next, the signal substance is excited by the radiation
source with radiation of a first intensity. Based on the respec-
tive radiation response, a first raw signal is determined at a
first point in time, and a second or further raw signal is
subsequently determined at a second or further point in time,
wherein the first, second and/or further raw signal represents
a function of the analyte content. Next, at least one compari-
son value is calculated which depends on at least two or more
raw signals. Then, the radiation intensity is evaluated and
adjusted based on a comparison of the at least one comparison
value to at least one predetermined limit value.

For the evaluation and adjustment of the radiation intensity,
the at least one comparison value can be compared to the at
least on limit value. If the comparison value is greater than or
equal to the limit value, the radiation is set to or adapted to the
level of the first radiation intensity. If the comparison value is
smaller than the limit value and accordingly the analyte con-
tent is essentially stable, a second radiation intensity is set
which is lower than the first radiation intensity.

The second radiation is smaller than the first radiation
intensity, so that the radiation exposure level of the sensitive
element is reduced by the foregoing method as long as the
sensor produces stable raw signals and the measurement
medium, in particular the analyte content, is essentially
stable. With preference, the method is operated initially with
the higher radiation intensity, i.e. the first or starting intensity,
which is adapted in the course of the process, dependent on
the relationship that is found between the comparison value
and the limit value. The method can be continued until a
termination criterion has been met.

The limit value that is being used is preferably dependent
on the selected radiation intensity level, so that different limit
values are predetermined for the first radiation intensity or for
a further radiation intensity. The limit value represents a
measure for an allowable change of the analyte content within
which the latter is considered to be stable. The steps of deter-
mining further raw signals, determining the comparison
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value, as well as the subsequent steps, can be repeated until a
given termination criterion has been met.

The term “measure for the allowable change in analyte
content” means a value or a range within which the analyte
content is essentially stable and does not change significantly.
The limit value can either be specified at the factory for a
sensor or for a certain application, or it can be set by the user.

This method is very advantageous, because the radiation
intensity can always be adapted to the currently existing con-
ditions in the measurement medium, and the radiation expo-
sure of the sensor, in particular of the sensitive element, can
be minimized. Thus, by using this method, the measurement
accuracy of the sensor can be preserved over the long term or
at least over a longer time period without an exchange of the
sensitive element, and changes in the analyte contact can be
met quickly by adjusting the radiation intensity.

The calculation of a comparison value can be based on an
individual raw signal and/or a plurality of raw signals and/or
on processed signals which are calculated from the raw sig-
nals. The comparison value preferably comprises a function
of the current raw signal and of the average of the preceding
processed signals, or a function of the average of the current
and the preceding processed signals and of an average of the
preceding processed signals. The comparison value thus rep-
resents a measure for the change of the current raw signal
relative to the preceding signal or signals and/or raw signals,
and by comparing the comparison value to the at least one
limit value, conclusions can be drawn about the stability and
or the change of the analyte content.

Accordingly, the illumination or irradiation of the sensitive
element, and thus the radiation intensity, is adaptively
matched to the conditions that exist in the measurement
medium, so that as long as the raw signals are essentially
constant, indicating an essentially stable analyte concentra-
tion, the measurements can be performed with a low radiation
intensity, and as soon as a change appears, the measurements
can be performed with a higher radiation intensity. In this
way, the overall amount of radiation exposure of the sensitive
element is reduced, because the radiation is set to the higher
intensity level only when there is a change in the measure-
ment medium, specifically in the analyte content, and there-
fore raw signals of a higher signal strength and quality are
needed. As long as the analyte content is essentially stable and
shows no significant change, it is in most cases sufficient to
determine the raw signals at the lower radiation intensity and
a somewhat reduced signal quality.

The switch from the first to the second, lower radiation
intensity can be made for example when the phase shift of the
measured raw signals is low, i.e. when the predetermined
limit value is not exceeded. As long as the raw signal, and thus
the analyte content in the measurement medium, remains
essentially stable, the measured phase deviation is essentially
constant.

In a further embodiment, the method can further encom-
pass as an additional step the evaluation and adaptation of a
smoothing factor which enters into at least one filter function
for the conversion of the raw signals into processed signals
and/or measurement values.

An adaptation of the smoothing factor has the effect of
strengthening or weakening the filter function. In this manner,
the raw signals can be converted into processed signals with
essentially the same signal-to-noise ratio independent of the
radiation intensity being employed.

In a further embodiment, the smoothing factor can be
selected dependent on the radiation intensity that has been set,
so that, for each radiation intensity being used, a specific
smoothing factor is predetermined and the influence of dif-
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ferent radiation intensities on the signal strength of the raw
signals can be compensated arithmetically.

A filter function that is adapted to the selected radiation
intensity and/or a specifically adapted smoothing factor is
particularly advantageous because, among other benefits, it
allows a reduction of noise which would manifest itself more
strongly with a reduction of the radiation intensity alone.
Using the first, higher radiation intensity produces raw sig-
nals which are comparatively less blurred by noise than those
that are obtained with the second, lower radiation intensity.
The first filter function can therefore be designed to provide a
weaker degree of smoothing of the raw signals than the sec-
ond filter function without affecting the response time or the
measurement accuracy of the sensor.

In a further embodiment, the method of operating the
optochemical sensor comprises a series of steps. First, the
sensitive element is brought into contact with the analyte, so
that the signal substance can interact with the analyte. Next,
the signal substance is excited by the radiation source with
radiation of a first intensity. Based on the respective radiation
response, a first raw signal is determined at a first point in
time, and a second or further raw signal is subsequently
determined at a second or further point in time, wherein the
first, second and/or further raw signals represent a function of
the analyte content. Next, at least one comparison value is
calculated which depends on at least two or more raw signals.
Then, based on a comparison of the at least one comparison
value to at least one predetermined limit value, the smoothing
factor contained in a filter function is reviewed. The smooth-
ing function serves to convert the raw signals into processed
signals and/or measurement values. If the first comparison
value is greater than or equal to the first limit value, the
smoothing factor is adjusted and the radiation is set to the
level of the first radiation intensity. On the other hand, if the
first comparison value is smaller than the first limit value, a
second comparison value is calculated and the smoothing
factor and/or the setting of the radiation intensity is evaluated
and adapted based on a comparison between the second com-
parison value, which is dependent on at least two or more raw
signals, and a predetermined second limit value.

The steps of determining a second or further raw signal, of
calculating the comparison value, as well as the subsequent
steps can be repeated until a given termination criterion has
been met.

The concept of calculating and using two comparison val-
ues is advantageous because it allows rapid as well as slow
changes of the measurement medium to be detected and taken
into account. As long as the measurement medium and in
particular the analyte content is not stable, the higher, first
radiation intensity is used, because the raw signals collected
with the first radiation intensity have a better signal-to-noise
ratio due to the higher radiation intensity.

The raw signals can again be converted into processed
signals and/or measurement values by means of the filter
function.

To evaluate and adjust the smoothing factor and/or the
radiation intensity, the second comparison value can be com-
pared to the second limit value. If the second comparison
value is greater than or equal to the second limit value, the
smoothing factor is raised by a given increment, whereby the
effect of the filter function is lowered.

If the second comparison value is smaller than the second
limit value, the smoothing factor is lowered by a given incre-
ment, whereby the effect of the filter function is increased. In
addition, the smoothing factor is compared to a reference
smoothing factor. If the new smoothing factor is larger than
the reference smoothing factor, the subsequent measurements
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and calculation are performed with the new smoothing factor.
If the smoothing factor is smaller than or equal to the refer-
ence smoothing factor and the analyte content is essentially
stable, not only is the smoothing factor reduced by one incre-
ment, but in addition the radiation intensity is adjusted to the
level of the second radiation intensity, the latter being smaller
than the first radiation intensity.

The calculation of a comparison value can be based on one
or more raw signals and/or processed signals. The first com-
parison value preferably includes a function of the current
raw signal and of the average of the preceding processed
signals, or a function of the average of the current and the
preceding processed signals. The second comparison value
preferably includes a function of an average of the current
processed signal and the preceding processed signals and of
an average of the preceding processed signals.

A processed signal can be calculated from a raw signal by
means of at least on filter function, wherein further math-
ematical calculations, for example conversions, can enter into
the calculation of the processed signal.

In an exemplary embodiment of the inventive method, a
first, second and/or further filter function is employed, which
is selected dependent on the radiation intensity that is being
used. It is particularly advantageous if the filter functions are
essentially identical and are only distinguished from each
other by their respective filter strengths, in particular only by
their smoothing factors, for example the number of raw sig-
nals over which the average is taken. When a high radiation
intensity is used, a weaker filter function can be used than
with a lower radiation intensity.

For the calculation of comparison values, raw signals can
be used or can enter into the calculation.

The raw signals are preferably collected at a constant
detection rate, so the individual raw signals are separated by
equal time intervals. In this way, when carrying out the dis-
closed method, the response time remains largely unaffected
by changes of the process parameters or of the measurement
medium.

The first and/or second filter function can preferably
include an exponential smoothing, wherein the selection of
the smoothing factor depends on the first or second radiation
intensity being used. This method of smoothing is stable and
easy to implement.

As a further feature, the raw signals, the processed signals,
the at least on comparison value, the at least one limit value,
the at least one filter function as well as the smoothing factors
can be written into or read back from a read/write memory
that is connected to the sensor.

In addition the remaining service life of the sensitive ele-
ment, which in comparison to conventional sensors is con-
siderably lengthened by the use of the inventive method, can
be calculated or estimated as a function of the radiation inten-
sity being used.

A further aspect of the invention concerns an optochemical
sensor that is equipped to carry out the method. The sensor
includes a housing, a radiation source, a detector, and a sen-
sitive element, wherein the radiation source and the detector
are arranged in the housing and wherein the sensitive element
includes a signal substance which, after an interaction with an
analyte, can be excited by the radiation source, so that raw
signals can be captured by the detector, wherein the raw
signals are a function of the analyte content. The sensor is
distinguished by the fact that the radiation source generates
radiation of a first radiation intensity and of at least one
second radiation intensity which are selected by comparing a
comparison value to a limit value, wherein the latter repre-
sents a measure for the allowable amount of change in analyte
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content. The optochemical sensor can further include a pro-
cessor and/or cooperate with a processor in which at least one
filter function is stored, by means of which the first, second
and/or further raw value can be converted into a first, second
and/or further processed signal. In addition, the processor
preferably includes a read/write memory.

Preferably, the current raw value is smoothed with at least
one filter function which is selected based on the radiation
intensity being used and which preferably includes a smooth-
ing factor that depends on the radiation intensity.

The sensor preferably serves for determining the concen-
tration of at least one analyte in a fluid measurement medium.

The signal substance can include an oxygen-sensitive fluo-
rophore, and the sensor can be designed for oxygen measure-
ments.

A further aspect of the invention concerns a measuring
instrument with a sensor and with a processor in which a
software program is stored which is designed to execute the
method.

BRIEF DESCRIPTION OF THE DRAWINGS

Different variations of the method and of the optochemical
sensor will be described in more detail on the basis of the
attached drawings, wherein elements that are identical from
one drawing figure to another carry the same reference sym-
bols, and wherein:

FIG. 1 schematically illustrates an optochemical sensor
with a sensitive element that comprises a signal substance;

FIG. 2 is a flowchart of an embodiment of the method;

FIG. 3 is another flowchart of another embodiment of the
method;

FIG. 4 shows a comparison of the aging effects manifesting
themselves in the raw signals of a sensor being operated,
respectively, with a conventional method and with a method
according to the invention;

FIG. 5 shows the raw signals and the processed signals for
comparison in a diagram; and

FIG. 6 shows a concentration vs. time diagram for com-
parison of a measurement graph obtained with the method
according to the invention and a measurement graph obtained
with one of the conventional methods.

DETAILED DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an optochemical sensor 1 which includes
a sensitive element 2. The sensitive element 2 is releasably
connected to a sensor housing 3, so that the sensitive element
2 can be exchanged when the sensitive element or a signal
substance 4 contained in it is used up or aged. In operation, as
indicated here, the sensitive element 2 is in direct contact with
the measurement medium 5. The sensitive element 2 can be
for example a matrix of a polymeric or ceramic material in
which the signal substance 4, in particular a fluorophore, is
dissolved or embedded.

Arranged inside the sensor housing 3 are a radiation source
6 and a detector 7. The radiation emitted by the radiation
source 6 is directed by suitable optical elements 8 (indicated
only symbolically in the drawing) such as filters, mirrors,
screens or lenses onto or into the sensitive element 2, where
the radiation can interact with the signal substance 4. Next,
the response signal is directed to the detector 7, where it is
detected. For the control and processing of the detected sig-
nals, the sensor 1 also includes a control- and/or regulation
unit 9 which can be arranged either as an external unit or also
entirely or in part inside the sensor housing. The control-
and/or regulation unit 9 can have a wire-bound or wireless
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connection to the sensor. The state of the art includes different
variants of the control- and/or regulation unit; the latter is
therefore only symbolically indicated.

FIG. 2 illustrates a method in the form of a flowchart. Atthe
beginning of a measurement, the optochemical sensor is
excited with radiation of a first radiation intensity I=I,, and at
afirst pointintime t,, ,_, a firstraw signal x, ,_, is collected.
This first raw signal x,, ,,_, represents a function of at least the
analyte concentration in the measurement medium, the inten-
sity I of the incident radiation and the pointin timet,, ,,_, of the
measurement. Based on the first raw signal x,, ,_,, a first pro-
cessed signal y,, ,,_,=Y(X,,,,—0,0) Which can either be released
directly as a measurement value or converted into a measure-
ment value can be determined by means of a filter function.
The filter function includes a smoothing factor o whose value
depends primarily on the radiation intensity I that is being
employed.

The count n is continuously incremented the longer the
measurement proceeds, wherein the end of the measurement
can be set by the user as well as by the measurement medium
being investigated. As an example, the measurement may be
terminated at or shortly after the end of a process or reaction.
Thetermination is represented here by the interrogation of the
termination criterion n=0. If the termination criterion is met,
the measurement is stopped.

If the termination criterion is not yet met, the counter is
raised from n to n+l, and a second or further raw signal
X,, 141 18 collected at the time t,, .., . ,=t,+At, from which a
further processed signal y, ,._,..1=V(X,,,.—..1,0) is calcu-
lated.

Subsequently, at least one comparison value V is deter-
mined. This comparison value V can for example include a
relationship between at least two chronologically separate
raw signals or a relationship between raw signals that have
been altered or processed through further mathematical
operations or functions. The raw signals may have been pro-
cessed in different ways. Possible treatments of a raw signal
include for example smoothing with a smoothing function,
averaging over a plurality of raw signals, or calculating a time
derivative. These possibilities of processing a raw signal are
mentioned here only as examples. There are, of course, fur-
ther mathematical functions and/or operations that can be
used to process raw signals.

The comparison value V is preferably determined as a
function of at least the current raw signal x,, and the preceding
processed signal y,,_,. In addition, a comparison value V can
be calculated using an average value of all or a part of the
preceding raw signals x,,,X,,_|,. .., X, 0r processed signalsy,,,
Y,_1s - - - Yo, Wherein the current raw signal x, and/or the
current processed signal y,, can likewise be used for the cal-
culation of the average. Furthermore, a current raw signal x,,
and/or a current smoothed or processed signal y,, can be
compared to an individual smoothed or processed signal or a
series or average of smoothed or processed signals y,,
Va1s - - - » Yo preceding the current signal.

After the comparison value V has been determined, it is
compared to at least one predetermined limit value G,
wherein the selection of the latter is dependent on the radia-
tion intensity I being used. The limit value G is preferably a
constant and can be specified at the factory for each sensor or
type of sensor, or can be selected by the user based on the
nature of the application. It is conceivable for example that in
the case of an unknown or unstable reaction the limit value or
range of limit values is selected narrower than in the case of a
known, stable reaction. The limit value or limit value range
can thus be adapted to the sensor being used and/or to the
conditions under which the measurement takes place.
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Accordingly, the limit value represents a measure for the
allowable amount of change in analyte content within which
the analyte content is considered to be essentially stable.

If'the comparison value V is larger than or equal to the limit
value B, measurements are continued with the first radiation
intensity I,. If on the other hand the comparison value V is
smaller than the limit value, the radiation intensity is reduced
to the level of a second radiation intensity I,, wherein 1,<I;,
and subsequent measurements are performed with the second
radiation intensity I,. In his case, the measurement medium
exhibits an essentially stable behavior, so that the sensor can
be operated at a lower radiation intensity.

The adaptive switch between radiation intensities which is
based on the comparison value V and thus on the current raw
signals x,, goes together with an adaptation of the smoothing
factor a.. To maintain the quality of the measurements, in
particular the signal-to-noise ratio, in spite of the change of
radiation intensity, a second smoothing factor ., is entered
into the same or a different filter function when the second
radiation intensity I, is used, and subsequent processed sig-
nals y,, are calculated with the second smoothing factor o,
which, in comparison to the first smoothing factor o, that is
used with the first radiation intensity I, has a stronger
smoothing effect on the raw signals x,,.

The cycle of determining the raw signal, calculating the
processed signal and the comparison value, comparing the
comparison value to the limit value and adapting the radiation
intensities is repeated until the termination criterion n=N has
been met.

FIG. 3 illustrates by way of a flowchart a further method
which differs from the method shown in FIG. 2 in particular
by the fact that in addition to the adaptive change of the
radiation intensity I, the adaptive change of the smoothing
factor o likewise enters into the method. As has already been
described above, with the first radiation intensity I, selected,
a first and at least a second or further raw signal x,, are
collected or measured at a first, second and/or a further time
t,,. Based on each of these raw signals x,, a processed signal
y,, is calculated by means of at least one filter function. The at
least one filter function contains in each case a smoothing
factor a=1-Aa which is selected dependent on the radiation
intensity I being used and also dependent on the stability of
the raw signal x,,, and thus dependent on the stability of the
measurement medium.

After the first and at least one second raw signal x,,_,, X,
have been collected, a first comparison value V| is determined
and compared to a predetermined first limit value G, which
represents a measure for the allowable deviation of the ana-
lyte content and wherein the magnitude of the first limit value
G, (I) also depends on the selected radiation intensity 1. The
first comparison value V, can be determined as a function of
at least the current raw signal x,, and the preceding processed
signal y,, or an average of the preceding processed signals v,
wherein the smoothing factor used in the calculation of the
processed signals conforms to the condition O=a<1. The first
comparison value V, preferably includes a function of the
current raw signal x,_, and of the average of the preceding
processed signals y,,_1, .. ., Yo-

If the first comparison value V, is greater than or equal to
the first limit value G1, the raw signal x,, is unstable, and the
measurement medium, more specifically its analyte content,
is for example undergoing a change at this moment. In this
case, the first radiation intensity value I, is set or maintained
for the next following raw signal measurementx,, ,,_,.;, and
the smoothing factor a=1-Aa. is set at Aa=0, so that the raw
signal is in essence not being smoothed in the calculation of
the processed signal.
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If on the other hand the first comparison value V| is smaller
than the first limit value, a second comparison value V, is
calculated and compared to a second limit value G,(I). The
calculation of the second comparison value V, can be based
on a current average value which includes the current as well
as the preceding raw signals x,,, X,,_;, . . . X, or the current and
the preceding processed signals y,,, ¥,,_;, - - - » Yo, and the
preceding average which includes the preceding raw signals
X, X, 1, - - - Xo or the preceding processed signals y,,
YV, 1s - - - s Yo The second comparison value V, preferably
includes a function of an average over the current and pre-
ceding processed signals y,,, ¥,,_;, - - - » Yo and of an average
over the preceding processed signals y,,_;, ..., Yo

The second limit value G, represents a measure for the
allowable change of the analyte content and, in addition,
depends on the selected radiation intensity I. The limit values
G, G, are constants which can be specified for example at the
factory for each sensor or sensor type.

The first comparison value V, thus serves for a quick check
of the stability of the measurement medium. The second
comparison value V, is more precise and serves for a closer
evaluation of the stability of the measurement medium. Of
course, it would also be conceivable that the first and the
second comparison value V|, V, represent one and the same
value which is compared to two different limit values G|, G,.

If the second comparison value V, is greater than or equal
to the second limit value G,, the subsequent measurements
are taken at the same radiation intensity I, but the calculation
of'the processed signals is performed with a larger smoothing
factor a=1-Aa with Aa:=Ac.—c, i.e. with a smaller amount of
smoothing. The smoothing factor o can take on values
between 0 and 1, wherein a smaller smoothing factor o indi-
cates a greater amount of smoothing.

If the second comparison value V, is smaller than the
second limit value G,, the raw signal x,,, and thus the mea-
surement medium, is essentially stable. In this case, a test is
made as to whether the smoothing factor o has already
reached equality with a reference smoothing factor o,

If the current smoothing factor o is larger than the refer-
ence smoothing factor a4 the smoothing is made stronger by
further reducing the smoothing factor a=1-Aa with
Ao:=Aa+c.

If on the other hand, the current smoothing factor a is
smaller than the reference smoothing factor a.,, -and the ana-
lyte content is essentially stable, the smoothing is made stron-
ger with a=1-Ac wherein Ao:=Acai+c, and in addition the
radiation is set to the level of a second radiation intensity I,
which is lower, i.e. weaker, than the first radiation intensity ;.

The cycle of determining the raw signal, calculating the
processed signal and the comparison value, comparing the
comparison value to the limit value and adapting the radiation
intensities is repeated until the termination criterion n=N has
been met.

The benefits of the concept of adaptively changing the
radiation intensity 1 and/or the smoothing factor o are illus-
trated by the diagrams in FIGS. 4 to 6.

InFIG. 4, the curves in diagram A represent the phase angle
as a function of concentration, and the curves in diagram B
represent the measurement error as a function of concentra-
tion. The graphs demonstrate the advantages of the method
over the conventional method through a comparison to mea-
surements taken with a fresh sensitive element.

The curves in diagram A were recorded with a sensor of the
type InPro6870i by Mettler-Toledo and represent the relation-
ship of the phase angle against the oxygen concentration. The
principal configuration of a sensor of this type is schemati-
cally illustrated in FIG. 1. The InPro6870i sensors are preca-
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librated sensors for which a relatively small measurement
error of about £1% is specified.

The first curve 10 in diagram A represents the behavior of
the sensor with a fresh, not yet aged sensitive element. The
second curve 11 represents the behavior of the sensor with an
aged sensitive element. The curves 10, 11 were recorded with
afirst radiation intensity I, . The third curve 12 illustrates how
the phase angle as a function of oxygen concentration
changes over the life of a sensitive element if the sensor is
operated at an intensity I, which is reduced in comparison to
the two other curves 10 and 11, wherein in this example the
radiation intensity was reduced to about V5 of the first radia-
tion intensity I;.

As diagram A clearly demonstrates, a sensor with an aged
sensitive element has a phase angle which is shifted, i.e.
reduced in comparison to the same sensor with a fresh sensi-
tive element. This is made particularly evident by the concen-
tration-dependent measurement error which is shown as
curve 13 in diagram B.

The deviation of the third curve 12 from the first curve 10
which was recorded with the fresh sensitive element is clearly
smaller than the deviation of the second curve 11 which was
recorded with the aged sensitive element. This leads to the
conclusion that if a sensitive element is operated at a reduced
radiation intensity, its aging process can be slowed down and,
accordingly, its service life can be significantly extended. The
method relies on this fact, adding the concept that the radia-
tion intensity is adaptively changed during a process, so that
even rapid changes of the raw signal can be detected which
occur as a result of changes in the measurement medium.

The curves in diagram B represent the concentration-de-
pendent measurement error which can be derived from the
curves 10, 11, 12 shown in diagram A. Curve 13 shows the
measurement error for the aged sensitive element which was
measured under a first radiation intensity I,. Curve 14 shows
the measurement error for the sensitive element which was
operated with a second, lower radiation intensity I,.

As is made evident by diagram B, with an aged sensitive
element the error increases with increasing oxygen concen-
tration, so that if a non-calibrated sensor is operated with an
aged sensitive element, the oxygen content or oxygen con-
centration as calculated from the phase angle will have an
increasing error.

In contrast, with the use of a reduced radiation intensity, the
error is clearly smaller and the measurement accuracy is
considerably better than with an aged sensitive element under
a stronger radiation intensity.

FIG. 5 represents two measurement curves which illustrate
the time-dependent determination of an oxygen concentra-
tion. The aforementioned sensor Mettler-Toledo InPro6870i
with a fresh sensitive element was ventilated in a measuring
cell, first with air and then with nitrogen, at room temperature
and ambient barometric pressure, while at the same time the
oxygen concentration as well as the response time were deter-
mined. The trail of data points 15 represents the phase angle
values of the raw signals. At the beginning of the measure-
ment, the raw signals were measured at a first, higher radia-
tion intensity I, . The vertical line indicates the time when the
radiation intensity was set to a second, lower level I, and the
filtering or smoothing was adjusted simultaneously, in accor-
dance with the method as described in the context of FIG. 3.

The smoothed, processed signals are shown in the solid
curve 16 which illustrates the advantages of the inventive
method.

The processed signals can be calculated for example with a
conventional filter function which is referred to as exponen-
tial smoothing.
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According to the concept of exponential smoothing, a new
processed signal y,, is obtained as a function of the current raw
signal x,, the preceding processed signal y,,_;, and a smooth-
ing factor a which lies in the range O<a=<1, according to the
equation

Yn=0Xt(1-0)p

For a=1, the processed signal y,, equals the raw signal x,,,
i.e., no smoothing takes place. As already mentioned above,
when the raw signal x,, is undergoing fast and large changes,
essentially no smoothing is applied, in order to avoid a slow-
ing-down of the response which would be caused by the
smoothing. Such a change was simulated for the measure-
ment in FIG. 5 by the switch from air to nitrogen. As soon as
the measurement medium was stable, the radiation intensity
was reduced and the filter function was at the same increased.
For example the solid curve in FIG. 5 was generated with
smoothing factors o in an approximate range of 0.03=a<0.1.
The measurements were taken by means of the method.

As clearly demonstrated in FIG. 5, the lowering of the
radiation intensity can in essence be fully compensated by the
increased filtering.

The measurements with an oxygen sensor as illustrated in
FIGS. 4 and 5 thus demonstrate that, in spite of the adjustment
of'the radiation intensity and the accompanying adjustment of
the smoothing factor or the filter function, the measurement
accuracy could be improved, the aging of the sensitive ele-
ment could be significantly slowed down and, consequently,
the service life of the sensitive element could be vastly
extended.

As explained in the context of FIG. 3, as an additional
possibility the smoothing factor a which enters into the filter
function for the calculation of a processed signal y,, from a
raw signal x,, can likewise be adaptively adjusted. FIG. 6
represents the time-dependent determination of the oxygen
concentration with a sensor of the type InPro68701 which was
operated in accordance with the method described in FIG. 3.
The sensor was ventilated in a measuring cell, first with air
and then with nitrogen, at room temperature and ambient
barometric pressure. Next, raw signals were recorded and the
response time of the sensor was determined. The data points
16 represent the measured raw signals.

The curves 17, 18 represent the processed signals that were
calculated from the raw signals. The calculation of the pro-
cessed signals for the curve 17 was performed by taking the
average over the second and third quartiles. This kind of filter
function is referred to as “moving average” and represents a
conventional, frequently used filter function. The calculation
for the curve 18 is performed by exponential smoothing with
avariable or adaptive smoothing factor in accordance with the
inventive method. For the smoothing function, the aforemen-
tioned exponential smoothing formula was used, wherein the
smoothing factor was adaptively adjusted. The adjustment of
the smoothing factor followed the procedures that have
already been described.

As can be easily be seen in FIG. 6, an adaptive adjustment
of the radiation intensity and the smoothing factor has, in
comparison to the use of a moving-average filter function,
essentially no influence on the response time of the sensor.

Although the invention has been described by presenting
specific examples of embodiments, it is considered self-evi-
dent that numerous further variants could be created based on
the teachings of the present invention, for example by com-
bining the features of the individual embodiments with each
other and/or interchanging individual functional units
between the embodiments.
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What is claimed is:
1. A method for operating a device that optochemically
senses an analyte, the device comprising a radiation source
that emits radiation of a first and a second predetermined
intensity, a detector, and a sensitive element that comprises a
signal substance based upon the analyte, the method compris-
ing the steps of:
contacting the sensitive element with the analyte, effecting
interaction of the signal substance therewith;

determining a first raw signal, representing a function of
the analyte content at a first point in time, by exciting the
signal substance with radiation of the first predeter-
mined intensity, generating a signal that is collected by
the detector; and

iteratively controlling the device for a predetermined num-

ber of iterations, comprising the steps of:
determining a subsequent raw signal, representing a
function of the analyte content at a subsequent point
in time, by exciting the signal substance with radia-
tion from the radiation source, generating a signal that
is collected by the detector;
calculating a comparison value, defined as a change over
time of at least two of the raw signals, by the steps of:
applying at least one filter function to convert each of
the raw signals into a corresponding processed sig-
nal, the filter function having a smoothing factor
that enters into the conversion; and
calculating the comparison value as a change over
time of at least two of the corresponding processed
signals rather than the raw signals;
comparing the calculated comparison value to a prede-
termined first limit value and adjusting the radiation
intensity by the steps of:
when the calculated comparison value is greater than
or equal to the predetermined limit value:
setting the radiation source at the first predeter-
mined intensity; and
evaluating and adjusting the smoothing factor; and
when the calculated comparison value is smaller than
the predetermined limit value and the analyte con-
tent is essentially stable:
calculating a further comparison value defined as a
change over time of at least two of the raw sig-
nals;
comparing the further comparison value to a pre-
determined second limit value by the steps of:
when the further comparison value is greater
than or equal to the predetermined second limit
value, increasing the smoothing factor by a given
increment to lessen the effect of the filter func-
tion; or
when the further comparison value is smaller
than the predetermined limit value, decreasing
the smoothing factor by a given increment to
increase the effect of the filter function, compar-
ing the smoothing factor to a predetermined ref-
erence smoothing factor; and, if the smoothing
factor is smaller than or equal to the predeter-
mined reference smoothing factor and the ana-
Iyte content is essentially stable, setting the
radiation source to the second predetermined
intensity.

10

15

20

25

35

40

45

50

55

60

14

2. The method of claim 1, wherein:

the smoothing factor is selected and adjusted based upon

the radiation intensity that is being used.

3. The method of claim 1, wherein:

the comparison value is calculated as a mean value of the

two most recent processed signal.

4. The method of claim 1, wherein:

the filter function comprises an exponential smoothing.

5. The method of claim 1, further comprising the step of:

calculating the remaining service life of the sensitive ele-

ment.

6. The method of claim 1, wherein:

the smoothing factor is selected and adjusted as a function

of the intensity of the radiation source that was used to
generate the raw signal.

7. A method for operating a device that optochemically
senses an analyte in a medium, the device comprising a radia-
tion source that emits radiation of a first and a second prede-
termined intensity, the second predetermined intensity being
lower than the first predetermined intensity, a detector, and a
sensitive element that comprises a signal substance based
upon the analyte, the method comprising the steps of:

contacting the sensitive element with the medium, effect-

ing interaction of the signal substance therewith;
determining a first raw signal, representing a function of
the analyte content of the medium at a first point in time,
by exciting the signal substance with the radiation
source set at the first predetermined intensity, generating
a signal that is collected by the detector; and
iteratively controlling an instant level of the radiation
intensity based upon the analyte content of the medium,
starting with the instant level at the first predetermined
intensity, by the steps of:
determining at least one subsequent raw signal, each
subsequent raw representing a function of the analyte
content at a subsequent point in time, by exciting the
signal substance with radiation at the instant level of
the predetermined intensity, generating a signal that is
collected by the detector;
determining the stability of the signals being obtained by
the steps of:
applying at least one filter function to convert each of
the raw signals into a processed signal, wherein the
filter function comprises a smoothing factor;
calculating a first comparison value as a change over
time of the processed signals;
calculating a second comparison value as a change
over time of the raw signals; and
based upon the calculated first comparison value:
setting the instant level to the first predetermined
intensity if the comparison value is equal to or
exceeds a first predetermined limit value, indi-
cating the analyte content is not stable; or
setting the instant level at the second predeter-
mined intensity if the first comparison value is
smaller than the first predetermined limit value,
indicating the analyte content is stable; and
adjusting the smoothing factor based on a compari-
son of the calculated second comparison value to
a second predetermined limit value.
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